The Miocene Kaiserstuhl Volcanic Complex (Southwest Germany) consists largely of tephritic to phonolitic rocks, accompanied by minor nephelinitic to limburgitic and melilititic to haü ynitic lithologies associated with carbonatites. Based on whole-rock geochemistry, petrography, mineralogy and mineral chemistry, combined with mineral equilibrium calculations and fractional crystallization models using the Least Square Fitting Method, we suggest that the Kaiserstuhl was fed by at least two distinct magma sources. The most primitive rock type of the tephritic to phonolitic group is rare monchiquite (basanitic lamprophyre) evolving towards tephrite, phonolitic tephrite, phonolitic noseanite, nosean phonolite and tephritic phonolite by fractional crystallization of variable amounts of clinopyroxene, amphibole, olivine, spinel/magnetite, garnet, titanite, plagioclase and nosean. During this evolution, temperature and silica activity (aSiO 2 ) decrease from about 1100 C and aSiO 2 ¼ 0Á6-0Á8 to 880 C and aSiO 2 ¼ $0Á2. At the same time, oxygen fugacity (fO 2 ) increases from DFMQ* ¼ þ2-3 to DFMQ* ¼ þ3-5, with DFMQ* being defined as the log fO 2 deviation from the silica activity-corrected FMQ buffer curve. Nephelinitic rocks probably derive by fractionation of mostly olivine, spinel/magnetite, melilite, perovskite and nepheline from an olivine melilititic magma. The nephelinitic rocks were formed at similarly high crystallization temperatures (>1000 C) and evolve towards limburgite (hyalo-nepheline basanite) by an increase of silica activity from about aSiO 2 ¼ 0Á4-0Á5 to aSiO 2 ¼ 0Á5-0Á9, whilst redox conditions are buffered to DFMQ* values of around þ3. Haü yne melilitite and the more evolved (melilite) haü ynite may equally be derived from an olivine melilitite by more intense olivine and less melilite fractionation combined with the accumulation of haü yne, clinopyroxene and spinel. These rocks were crystallized at very low silica activities (aSiO 2 0Á2) and highly oxidized conditions (DFMQ* ¼ þ4-6). Even higher oxygen fugacities (DFMQ* ¼ þ6-7) determined for the carbonatite suggests a close genetic relation between these two groups. The assemblage of carbonatites with highly oxidized silicate rocks is typical of many carbonatite occurrences worldwide, at least for those associated with melilititic to nephelinitic silicate rocks. Therefore, we suggest that the existence of highly oxidized carbonatebearing sublithospheric mantle domains is an important prerequisite to form such complexes.
INTRODUCTION
Most of the about 500 known carbonatite occurrences worldwide are spatially and temporally associated with alkaline rocks, which implies that both rock groups are genetically closely related (e.g. Woolley, 2001; Woolley & Kjarsgaard, 2008) . Two major hypotheses for the formation of carbonatites are discussed: (1) partial melting of a carbonate-bearing peridotite leading to primary carbonatitic magmas (e.g. Wallace & Green, 1988; Harmer et al., 1998; Ying et al., 2004) and (2) fractional crystallization of a carbonate-bearing (nephelinititc to melilititic) parental silicate melt resulting in the formation of exsolved/residual carbonatitic magmas (Gittins, 1989 , Kjarsgaard & Peterson, 1991 Gittins & Jago, 1998; Halama et al., 2005; Brooker & Kjarsgaard, 2011) .
The source region for most carbonatites and associated alkaline rocks is the (sub)lithospheric mantle (Bell & Simonetti, 2010) . The oxidation state of the Earth's lithospheric mantle, however, varies over several orders of magnitude, which is commonly expressed as the log-deviation from the synthetic fayalite-magnetitequartz (FMQ) buffer (e.g. Frost, 1991) . For example, subduction-related peridotites record an average oxidation state of DFMQ > þ0Á5, whereas cratonic mantle lithosphere shows a much more reduced average oxidation state of almost DFMQ ¼ -3 (e.g. Frost & McCammon, 2008; Foley, 2011 and references therein) . Highly variable redox conditions (and silica activities) during the crystallization of alkaline rocks are reflected in their diverse mineralogy, as rocks with olivine-augite-Fe-Ti oxide assemblages record fO 2 values that are several log units lower than rocks with garnet-augitetitanite assemblages (e.g. Marks et al., 2008a; Marks & Markl, 2017) . Only few attempts have been undertaken to determine the redox conditions during the crystallization of carbonatites, probably due to the lack of suitable mineral assemblages. The few estimated fO 2 values all cluster around (Friel & Ulmer, 1974; Gaspar & Wyllie, 1983; Treiman & Essene, 1984; Ryabchikov et al., 2008) or below the FMQ buffer (Milani et al., 2016) . The oxidation state of alkaline rocks associated with carbonatites has rarely been determined. In some cases, they are assumed to have been formed at fO 2 conditions around the FMQ buffer (Ryabchikov & Kogarko, 2006) , whereas in other cases highly oxidized conditions (4 to 5 log units above FMQ) have been suggested (Halama et al., 2005; Marks et al., 2008a) . This apparent discrepancy between the redox states of carbonatites and associated silicate rocks is noteworthy, since carbonatitic magma production might be triggered by hydrous redox (e.g. Taylor & Green, 1987) , or carbonate redox melting (Foley, 2011) . However, to date no attempt has been made to determine the redox conditions for carbonatites and associated alkaline silicate rocks at a given locality.
The Kaiserstuhl Volcanic Complex (KVC) in south western Germany is a well-suited locality for such investigations, as it consists of a variety of alkaline silicate rocks (primitive olivine-bearing tephritic/basanitic and nephelinitic rocks as well as evolved and garnet-bearing phonolites), which are closely associated with carbonatitic rocks (e.g. Keller et al., 1990; Wimmenauer, 2003) . However, despite being a classical carbonatite locality, published mineral and whole-rock compositional data for the KVC are fragmentary. No comprehensive petrological study of the KVC exists to date and the detailed genetic relationships between the various rock types are not fully understood (e.g. Schleicher et al., 1990 Schleicher et al., , 1991 Panina et al., 2000) . In order to shed light on the formation and evolution of the KVC and similar complexes in general, we present a detailed geochemical, mineralogical and mineral chemical characterization of the different rock types. Combined with fractional crystallization computations and thermodynamic estimates for the crystallization conditions (P, T, aSiO 2 , fO 2 ), we show how these parameters influence the mineralogical and geochemical evolution of silicate magmas and how the various KVC rocks are genetically related to one another.
GEOLOGY
The KVC is part of the European Cenozoic Volcanic Province, situated in the southern part of the Upper Rhine Graben, about 20 km NW of Freiburg, southwest Germany ( Fig. 1a ; Wilson & Downes, 1991) . The Upper Rhine Graben formed as a consequence of the stress field induced by the Alpine Orogeny, which caused lithospheric thinning below the KVC (Edel et al., 1975; Ziegler, 1982) . This enabled regional asthenospheric upwelling and the formation of the KVC, which was active between 19 and 16 Ma (e.g. Wimmenauer, 2003; Kraml et al., 2006 and references therein).
The KVC was probably fed by several magma sources: a hypothetical K-basanitic magma produced large volumes of tephrites, sodalite monzogabbros, phonolitic tephrites and phonolites (Wimmenauer, 1962; Keller, 1984a) . A volumetrically minor sodic rock series consists of olivine nephelinites, basanitic nephelinites and limburgites that are mainly present at the spatially associated Limberg-Lü tzelberg Complex near Sasbach (Fig. 1a) . Melilite-bearing dyke rocks [haü yne melilitites and (melilite) haü ynites] and intrusive as well as extrusive carbonatites are largely restricted to the central part of the KVC and are believed to be genetically related to the latter group (e.g. Keller, 1978 Keller, , 1984a Keller et al., 1990; Schleicher et al., 1990 Schleicher et al., , 1991 .
The original size of the Kaiserstuhl volcano during its active period is difficult to reconstruct because of: (i) intense deposition of Quarternary sediments in the Rhine valley and (ii) long-lasting tectonic activity in the Rhine graben during and after the formation of the KVC. Along the eastern flank of the KVC a considerable amount of erosion happened, probably due to westward tilting of parts of the area (Wimmenauer, 2003) . Based on published and ongoing geophysical investigations (Pucher, 1991; Bouiflane, 2008; terratec Geophysical Services, unpublished data) and drill-core data (Groschopf et al., 1996; Wimmenauer, 2003) in the immediate vicinity, large volumes of volcanic rocks are hidden below the surface north, east and south of the KVC (Fig. 1b) . Thus, the KVC as we see it today is no more than the diminished ruin of a once much larger volcanic complex that originally consisted of a group of (a) (b) Keller et al. (1990) . (b) Sketch map showing the surface exposure of the Kaiserstuhl volcanic rocks combined with sub-surface information from drill holes (Groschopf et al. 1996) and geomagnetic work (Pucher, 1991; Bouiflane, 2008; terratec Geophysical Services, unpubl. data) . Purple and blue stars indicate the known occurrences of nephelinitic and melilititic rocks, respectively (after Wimmenauer, 1952) . volcanic centres, comparable in size to, e.g. the Mt. Vulture Volcanic Complex (Italy). Further, nephelinitic and melilititic rocks occur in the immediate vicinity of the KVC (purple and blue stars on Fig. 1b) , with the most prominent one being the olivine melilitite stock of Mahlberg (e.g. Wimmenauer, 1952; Dunworth & Wilson, 1998) . Together with the melilititic rocks of the well-known volcanic fields of Urach (about 150 km NE) and Hegau (about 100 km SE), such strongly SiO 2 -undersaturated magmas are prominently present on a regional scale, at least partly contemporaneous with the volcanic activity at Kaiserstuhl.
SAMPLE LOCALITIES
In total, more than 150 samples from surface outcrops and drill holes at Orberg (KB2 1991; Sigmund, 1996) and Horberig (KB3 1991; Blust, 1993) were examined for this study (Table 1 ; Supplementary Data Fig. S1 ; supplementary data are available for downloading at http:// www.petrology.oxfordjournals.org). Out of these, 89 were investigated in detail by means of whole-rock and/ or mineral analyses.
Most samples were taken from the centre of the KVC, which shows the greatest diversity of rock types (carbonatites, melilite-and haü yne-bearing rocks, tephritic and phonolitic rocks). However, several samples from the Limberg-Lü tzelberg complex and the phonolite quarries at Kirchberg and Fohberg (NW of Bö tzingen), as well as rare olivine tephrites (near Breisach), and tephritic and nephelinitic rocks in the western and eastern part of the KVC were also included.
PETROGRAPHY
The large variety of KVC rocks was classified following the scheme of the International Union of Geological Sciences, Subcommission on the Systematics of Igneous Rocks, as summarized in Le Maitre et al. (2002) , avoiding the (still frequently used) local names wherever possible (Table 2) . We distinguish the following four rock groups:
Nephelinitic to limburgitic rocks
Olivine nephelinites and a basanitic nephelinite contain phenocrysts of olivine (partly altered to goethite and yellow clay minerals) and clinopyroxene (Fig. 2a) , the latter additionally occurring as a subhedral to anhedral groundmass phase. Subhedral to anhedral spinel was only found as inclusions in olivine phenocrysts. Magnetite appears as inclusions in the rim areas of olivine and clinopyroxene phenocrysts and as a groundmass phase, where it occasionally shows a composite texture with ilmenite. Rarely, anhedral biotite appears in the nepheline-dominated matrix (Fig. 2a) that might also contain some subhedral plagioclase (HTAC1433).
Limburgites (hyalo-nepheline basanites) have a glassy groundmass and contain olivine (both as euhedral and anhedral grains that are partly altered to iddingsite; Fig. 2b ) and sector-or oscillatory zoned euhedral clinopyroxene phenocrysts (rarely with greenish cores). The latter also occurs as small groundmass needles. Subhedral to euhedral spinel appears as inclusions in olivine and as a groundmass phase, locally evolving towards magnetite (Fig. 2c) . Magnetite also occurs as inclusions in clinopyroxene.
Olivine tephrites contain several mm in size, rounded macrocrysts of olivine (frequently altered to iddingsite) that may contain spinel inclusions, and euhedral, strongly altered olivine in the groundmass (Fig. 2d) . Oscillatory-zoned rose-brownish clinopyroxene appears in variable sizes and commonly contains magnetite inclusions in its darker rim areas (Fig. 2e ) as well as rare inclusions of olivine. Plagioclase forms subhedral grains in the groundmass and dominates over alkali feldspar.
Melilititic to haü ynitic rocks
Haü yne melilitites, melilite haü yinites and haü ynites occur as porphyritic dyke rocks and contain variable amounts of melilite, haü yne, clinopyroxene, and magnetite phenocrysts (Fig. 2f) . All of these phases also occur in their groundmass. In haü yne melilitites, perovskite appears as phenocrysts and as smaller cruciform-twinned crystals in the matrix (Fig. 2g) . Melilite haü ynites and haü ynites, however, lack perovskite phenocrysts, but contain euhedral garnet instead (Fig. 2h) . Haü yne is zoned with the cores containing exsolved Fe-sulfides. Further felsic mineral phases are nepheline and rare alkali feldspar, which occurs as small flakes and represents a late mineral phase. Apatite is ubiquitous. Notably, a large proportion of calcite is found in haü yne melilitites as individual anhedral grains (Fig. 2f) , within cracks and as an alteration product of melilite.
Coarse-grained haü ynolites and melteigites appear as cm-to dm-sized xenoliths in the foiditic and phonolitic rocks (Bakhashwin, 1975; Seeger, 2015) . Yellowish euhedral clinopyroxene occurs in variable modal amounts and sizes, typically with greenish rims (Fig. 3a) . Oscillatory zoned garnet is present as euhedral to subhedral crystals, in places intergrown with clinopyroxene (Fig. 3b) . Haü yne (commonly replaced by natrolite) is only present in the haü ynolites, whereas nepheline occurs as an intercumulus phase in melteigites. The latter can additionally contain tabular plagioclase (Fig. 3c) . Occasionally, magnetite, pyrite and pyrrhotite can be observed. Titanite and apatite are ubiquitous, while perovskite (Fig. 3d ) is only present in some melteigites.
Tephritic to phonolitic rocks
This heterogeneous group of rocks constitutes the dominant part of the KVC (see details in Kim, 1985) and can be divided into primitive (monchiquites), intermediate (tephrites, phonolitic tephrites/sodalite monzogabbros, mesocratic tephritic phonolites and melanocratic phonolites) and evolved members (phonolitic noseanites, nosean phonolites/nosean syenites, and tephritic phonolites), with systematically changing mineralogical features.
Monchiquites contain olivine and clinopyroxene phenocrysts (rarely with greenish cores); the latter mineral also occurs as a groundmass phase. In one sample (HTAC1396a), needle-shaped olivine was observed embedded in zeolite minerals as an inclusion in clinopyroxene. Spinel generally occurs as inclusions in olivine, whereas magnetite is mostly present in clinopyroxene and in the matrix. If present in the groundmass, spinel is always rimed by magnetite (Fig. 4a) . The groundmass is largely glassy.
Tephrites are porphyritic and contain euhedral yellowish pale green and oscillatory zoned phenocrysts of clinopyroxene (rarely with greenish cores), which is also present as a groundmass phase. Magnetite mainly appears in the matrix, but occurs as inclusions in marginal zones of pyroxene or is partially surrounded by clinopyroxene (Fig. 4b ). The amount, type and size of feldspar grains varies strongly among individual samples. Plagioclase occurs as a groundmass phase and is partly altered to zeolites. Alkali feldspar occasionally surrounds plagioclase, but also appears as individual grains. Contrary to rarely occurring leucite crystals, which are always completely replaced by analcime, euhedral sodalite was only partially affected by this late stage alteration. Some of the more evolved and hence alkali feldspar-bearing samples contain up to 1 mm biotite and amphibole phenocrysts (Fig. 4c) . Biotite additionally occurs as small grains in the groundmass, and apatite is the most common accessory mineral. Sodalite monzogabbros are mineralogically very similar to tephrites but have an equigranular and medium-grained texture. Amphibole always occurs as subhedral to euhedral crystals ( Fig. 4c) , whereas biotite is generally anhedral (Fig. 4d ). Both minerals partly replace oscillatory zoned clinopyroxene and mostly subhedral magnetite. The latter additionally occurs as inclusions in clinopyroxene. One sample (HTAC1344) contains composite ilmenitemagnetite intergrowths. Alkali feldspar may enclose tabular plagioclase, but also occurs as euhedral crystals. Apatite and titanite are common accessory phases.
Most phonolitic rocks (phonolitic noseanites, nosean phonolites) have an alkali feldspar-dominated groundmass and lack plagioclase, magnetite and olivine, but contain variable amounts of garnet and wollastonite, except for mesocratic tephritic phonolites and a melanocratic phonolite, which are mineralogically very similar to the above-described tephritic rocks. Phonolitic noseanites ( Fig. 4e ) contain phenocrysts of bright green and locally needle-shaped clinopyroxene, brown garnet, nosean, nepheline and strongly altered wollastonite. Porphyritic nosean phonolites comprise euhedral bright green clinopyroxene I and variable amounts of subsequently crystallized dark green clinopyroxene II (Fig. 4f ). Euhedral and oscillatory zoned brown garnet ( Fig. 4g ) is in places replaced by a darker garnet generation, which is associated with clinopyroxene II (Fig. 4f ). Few samples contain magnetite and titanite, in one sample (HTAC1345) titanite replaces garnet. Magnetite-and titanite-free samples, however, contain euhedral wollastonite, often replaced by natrolite. Euhedral nosean is commonly replaced by analcime, natrolite or calcite. Oscillatory zoned alkali feldspar can be present as tabular phenocrysts and as smaller grains in the groundmass. Coarse-grained nosean syenites are rare and were only found in drill cores south of Badberg (Bakhashwin, 1975) and as xenoliths within the phonolitic rocks (Czygan, 1977) . They contain tabular alkali feldspar, nosean (commonly replaced by natrolite), euhedral and greenish clinopyroxene (in some cases with a yellowish core), euhedral to subhedral oscillatory zoned garnet and blocky apatite. Magnetite is only present in one sample (HTAC268B). Titanite is ubiquitous, generally subhedral to euhedral. Only in one sample (HTAC1375) it is absent and wö hlerite (Na 2 Ca 4 ZrNb[FjO 3 j(Si 2 O 7 ) 2 ]) is present instead.
Tephritic phonolites (Kirchberg and Oberrotweil localities) are distinguished from nosean phonolites and phonolitic noseanites, as they contain anhedral garnet, show small amounts of nosean, and contain plagioclase phenocrysts. Texturally, clinopyroxene, titanite and magnetite coexist with each other in these rocks (Fig. 4h) . One nosean phonolite (HTAC1375) is transitional to tephritic phonolite as it shows the same mineral characteristics except for the absence of plagioclase crystals. Rare trachytes occur southwest of the Badberg (Sutherland, 1967; Koberski, 1992) and were reported from drill hole KB2 (Sigmund, 1996) . They are characterized by alkali feldspar phenocrysts, the absence of garnet and minor amounts of feldspathoid minerals.
Carbonatites
Carbonatites of the KVC include coarse-grained calcitecarbonatite (sö vites), medium-to fine-grained calcite- carbonatite (alvikites), rare medium-to fine-grained dolomite-carbonatite (beforsites) and minor extrusive rocks (lapillistones, tuffs, lavas) and have been described elsewhere in great detail (e.g. Keller, 1978 Keller, , 1981 Lehnert, 1989) . Three sö vites from Orberg, Haselschacher Buck and Katharinenberg have been chosen for this study. In addition to calcite, they contain magnetite, phlogopite, pyrochlore and apatite along with rare monticellite (Orberg; Fig. 5a ) or olivine (Fig. 5b) .
METHODS

Whole-rock analyses
Major elements were analysed at the Department of Geosciences, University of Tü bingen (Germany), with a wavelength dispersive Bruker AXS S4 Pioneer XRF device (Rh-tube at 4 kW) with 32 standardised samples (compiled in Govindaraju, 1989) . Prior to preparation, the samples were ground with an agate mill for 10 minutes. For the fused beads 1.5 g of dried sample powder (at 105 C) was mixed with 7.5 g MERCK spectromelt A12 (mixture of 66 % Li-tetraborate and 34 % Limetaborate) and melted at 1200 C beads using an Oxiflux system from CBR analytical service. Detection limits and analytical errors are sample specific and usually in the range of 0.1 % (relative).
Trace elements were determined by ICP-MS (Xseries 2, Thermo Fisher Scientific) at the Institute for Applied Geosciences, Karlsruhe Institute of Technology (Germany) after HNO 3 -HF-HClO 4 acid digestions of powdered material (100 mg). To ensure a complete silicate decomposition, 40% HF (suprapur), 65% HClO 4 (normatom) and the pre-oxidized (65% HNO 3 , subboiled) sample were heated in a closed Teflon vessel for 16 h at 120 C. After evaporating the acids to incipient dryness, the residue was redissolved in 65% HNO 3 (subboiled) and evaporated again (three times) for purification purposes. The final residue was dissolved in 50 ml of ultrapure water. The quality assurance of the ICP-MS measurement of the trace elements was done by including the certified reference material CRM-TMDW-A (HighPurity standards, Inc.) into the protocol (accuracy: 6 10% for most elements). Mathematical corrections of Eu, Gd, Tb and Er were necessary due to high concentrations of Ba and light REE; 151/153 Eu was corrected for BaO interferences, 157 Gd for PrO and 158 Gd for CeO interferences, 159 Tb and 167 Er for NdO interferences. The mean value of both isotopes is given for Eu and Gd. To assure the quality of the whole procedure, six blanks and two certified reference materials (SY-2, SY-3; Govindaraju, 1994) were included in the digestion (accuracy: mainly 6 10%). The reproducibility (6 5% for most elements) was checked by digesting a phonolitic sample in triplicate.
Mineral analyses
Mineral analyses were performed using a JEOL JXA 8900 electron microprobe in wave-length dispersive mode at the Department of Geosciences, University of Tü bingen (Germany). Depending on the mineral, an acceleration voltage of 15 kV (felsic minerals) or 20 kV was chosen. The beam current was set to 20 nA, except for garnet, titanite and perovskite analyses which were acquired using a current of 12 nA. The peak counting times for major elements were 16 s and between 30 and 60 s for minor elements. Background counting times were half as long as the peak counting. For calibration, natural and synthetic standards were used. Peak overlap corrections involving Ba-Ti, V-Ti, F-Fe, Sm-Ce and Pr-La were implemented as well as an internal ZAF (garnet, titanite and perovskite) or urz correction of the raw data (Armstrong, 1991) . Garnet, titanite and perovskite analyses were performed with a 5 mm beam diameter since test measurements executed with a smaller beam size led to fluctuating probe currents and visible destruction of the grains due to the long measurement time. Amphibole and biotite were measured with a 2 mm beam spot. Sodium diffusion in felsic minerals was avoided by measuring Na first and widening the beam diameter to 10 mm
Quantification of intrinsic parameters
In order to constrain the crystallization conditions (P, T, fO 2 , aSiO 2 ) for the various rock types, several geothermobarometers were applied and various activity-corrected phase diagrams were computed. Phase diagrams were computed and plotted using the Perple_X software package of Connolly (1990) , implemented with the thermodynamic database of Holland & Powell (1998) . Thermodynamic properties of titanite and perovskite were taken from Robie & Hemingway (1995) and were checked for internal consistency. Activities for endmember components of alkali feldspar, plagioclase, pyroxene, garnet, Fe-Ti oxides and olivine group minerals were obtained using the solution models of Holland & Powell (2003) , Holland (1990) , Wood (1979) , Cosca et al. (1986) and Andersen et al. (1993) , respectively. Nepheline, melilite, perovskite and titanite activities were calculated using a mixing-on-site model and by assuming oxygen substitution in titanite only being possible in one O site (Tropper & Manning, 2008) . Based on the analyses of Weisenberger et al. (2014) , wollastonite was treated as a pure phase.
Pressure estimations for some of the rocks were possible by applying the temperature-dependent Al-in hornblende barometer of Anderson & Smith (1995) . Temperatures have been estimated using the feldspar solution model of Fuhrman & Lindsley (1988) and the amphibole-plagioclase thermometer of Holland & Blundy (1994) . For applying the clinopyroxene-liquid thermometer of Putirka et al. (1996) , we used the wholerock data as a proxy for the liquid composition. Oxygen fugacity was calculated using the recently calibrated oxybarometer of Arató & Audé tat (2017) , which is based on the FeO and TiO 2 contents of magnetite and the melt. Similar to the clinopyroxene-liquid thermometer, calculations were only performed for samples where xenoliths, xenocrysts or mineral accumulations could be excluded. Combined fO 2 , aSiO 2 and temperature estimations for some rocks were possible with the QUILF software of Andersen et al. (1993) . For other rock types, we used combinations of the following silicasensitive (reactions 1-7; Fig. 6 ) and redox-dependent phase equilibria (reactions 8-15): Relative oxygen fugacity (DFMQ) is generally expressed as the deviation from the temperaturedependent FMQ buffer curve in log fO 2 units. However, the use of DFMQ is not consistent in the literature. Importantly, this buffer curve is also strongly aSiO 2 -dependent and may shift by several log units. Therefore, it is necessary to state aSiO 2 values along with relative oxygen fugacity estimates (e.g. Marks et al., 2008a; Zaitsev et al., 2012) . We present our results relative to aSiO 2 -corrected FMQ buffer curves, expressed as DFMQ*.
Fractional crystallization calculations
Fractional crystallization was modelled using a least squares fitting method based on the assumption that phenocrysts represent the principal products of that process. Whole-rock analyses were used as a proxy for the initial melt compositions and compositional data for the various mineral phases were used to compute the target melt. The quality of the outcome was evaluated by the residual sum of squares (SSQ¼[SiO 
RESULTS
Whole-rock data
New whole-rock analyses (Supplementary Data Table S1 ) together with literature data (Bakhashwin, 1975; Czygan, 1977; Kim, 1985; Keller et al., 1990; Blust, 1993; Sigmund, 1996; Panina et al., 2000; Wimmenauer, 2003; Grapes & Keller, 2010) provide a comprehensive overview of the compositional variation of the various lithologies at the KVC (Figs 7-9 ). The classic TAS diagram (Fig. 7) illustrates an increase of (Na 2 OþK 2 O) and SiO 2 concentrations from primitive olivine melilitites, which do not occur at the KVC but are present at several localities in SW Germany (Mahlberg, Urach, Hegau), through olivine/basanitic nephelinites, limburgites, olivine tephrites and monchiquites to tephritic and phonolitic rocks. Haü yne melilitites, melilite haü ynites, and haü ynites, however, form a distinct group with highly elevated alkali contents.
Two rock series can be distinguished based on the molar Na/K ratio (Fig. 8) . The monchiquite is the most primitive rock of the low Na/K group (< $2) and shows the highest contents of MgO. With decreasing MgO concentration, major elements either increase (Na 2 OþK 2 O, Al 2 O 3 ) or decrease (CaO, Fe 2 O 3 ). The correlation between MgO and Fe 2 O 3 is typical of oxidized rock suites (Giehl et al., 2013; Marks & Markl, 2017 With decreasing MgO, compatible elements such as Ni (up to 560 ppm) or Cr (up to 1400 ppm) steadily decrease, whereas incompatible elements such as Zr ( 770 ppm), Nb ( 620 ppm), La ( 350 ppm), Ce ( 630 ppm) and Pb ( 35 ppm) increase (Fig. 9) . However, REE and HFSE concentrations in the haü yne melilitites and (melilite) haü ynites are similar or even higher than those of the phonolitic rocks, which have lower MgO.
Primitive-mantle normalized (Palme & O'Neill, 2003 ) REE patterns of whole-rocks (Fig. 10) show a decrease from light to heavy REE. The normalized REE concentrations increase in parallel from monchiquite via tephrite to phonolitic tephrite. Phonolitic noseanites and especially nosean phonolites have steeper patterns and flatten out towards the HREE. The REE pattern of the Bakhashwin (1975) , Czygan (1977) , Kim (1985) , Keller et al. (1990) , Blust (1993) , Panina et al. (2000) , Sigmund (1996) , Wimmenauer (2003) and Grapes & Keller (2010) . Grey area illustrates the compositional range of olivine melilitites from SW Germany Wilson et al., 1995) . Note that the loss of ignition of haü yne melilitites and olivine melilitites may reach $10 wt %, which is not taken into account in this diagram, as all data are normalized to 100% (anhydrous), ignoring volatile components.
tephritic phonolite is less steep and increases from Ho to Lu. The nephelinitic to limburgitic rocks show a similar pattern to the monchiquites, whereas the melilititic to haü ynitic rocks exhibit elevated concentrations and are depressed in the middle REE.
Mineral data Olivine group
Olivine in the KVC is invariably Mg-rich ( Fig. 11a Kim, 1985 , shown as rectangles in Fig. 11a ). The larnite component is highest in olivine/basanitic nephelinites and monchiquites (up to 0Á9 mol %) among the silicate rocks, whereas in some carbonatite samples, the larnite component exceeds 1 mol %. The Ni content roughly correlates with Ca and is highest in the olivine/ basanitic nephelinite macrocrysts (up to 0Á007 apfu; Fig. 11b ). The composition of some of these grains is typical of mantle olivines (e.g. Foley et al., 2013; Bussweiler et al., 2015) . Olivine from carbonatite samples is distinctly higher in Mn (0Á04-0Á06 apfu) compared to olivine from the silicate rocks ( 0Á01 apfu; Fig. 11c ). Monticellite only Keller et al., 1990; Wilson et al., 1995). occurs in one carbonatite sample (HTAC1356), with CaMgSiO 4 ranging between 75 and 77 mol % and Mn content between 0Á05 and 0Á06 apfu.
Clinopyroxene
Diopside and hedenbergite (%QUAD), aegirine and Tschermak's pyroxenes (CaFe 3þ Fe 3þ SiO 6 , CaTiAl 2 O 6 and CaAlAlSiO 6 ) are the most important clinopyroxene endmember components in the KVC rocks (Fig. 12a) . All samples contain at least some pyroxenes with a diopside component that exceeds 50 mol %, but especially in haü ynolites, melteigites and the phonolitic rocks, clinopyroxene compositions evolve towards higher hedenbergite and aegirine contents (Fig. 12b) . Except for late-stage clinopyroxenes, especially of the haü yne melilitites and nosean phonolites, pyroxenes of the tephritic phonolites have the lowest diopside component. Olivine/basanitic nephelinites and limburgites show the highest Ti concentrations, followed by the tephritic rocks. Those from nosean phonolites and tephritic phonolites have the lowest Ti values (Supplementary Data Table S3 ). In some clinopyroxenes of the mafic rock groups, Cr is elevated, with the highest values (up to 0Á04 apfu) observed in clinopyroxene from olivine/basanitic nephelinites.
Spinel group. Members of the spinel group in the KVC rocks vary in composition between rock types (Fig. 13) . Limburgites, olivine tephrites (Fig. 13a) and monchiquites ( Fig. 13b) (Fig. 13a ) that are distinctively higher (up to 0Á22 apfu) than those of the silicate rocks (up to 0Á07 apfu). The content of Mg varies between 0 and 0Á5 apfu and is lowest in the phonolitic rocks, whereas in the carbonatites, it locally reaches levels found in magnesioferrite.
Olivine/basanitic nephelinites and one sodalite monzogabbro contain primary ilmenite as intergrowths with magnetite, whereas ilmenite in the carbonatite sample HTAC1282 is present as individual grains. The composition varies between Ilm 57-76 Hem 4-14 Pph 1-20 Gk 1-32 with the highest pyrophanite and lowest geikielite contents observed in the carbonatite.
Garnet
Garnets in the KVC rocks are andradite-schorlomite solid solutions (Fig. 14a) , and the positive correlation between TiFe 3þ and SiAl (Fig. 14b) illustrates the main substitution process involving grossular (0-30%), andradite (50-90%) and schorlomite (0-38%) endmember components (calculated after Locock, 2008) . Morimotoite (0-34%) represents the remaining component (Fig. 14c) . The content of Zr (generally <0Á03 apfu) is elevated in some garnets of the tephritic phonolites (up to 0Á08 apfu; Supplementary Data Table S5 ), whereas the total amount of REE is always below 0Á03 apfu. There is a general decrease of Mg and Ti from the core towards the rim, and based on these two elements, several compositional subgroups representing the different garnet-bearing lithologies can be distinguished (Fig. 14d ).
Amphibole
Amphibole in sodalite monzogabbros and melanocratic phonolites is kaersutite, whereas Ti-poor amphibole in a phonolitic tephrite is magnesiopargasite (Leake et al., 1997 (Leake et al., , 2004 Ridolfi et al., 2018 Fig. 15a ). Charge balance is maintained by coupled substitutions involving Na, K, Ti, Ca and Al (Fig. 15b) , but is more complex in magnesiopargasites (HTAC1117), probably due to higher amounts of calculated Fe 3þ (0.90-1.07 apfu versus 0.56-0.88 apfu; Supplementary Data Table S6 ). Amongst the halogens, F (up to 0Á3 apfu) is distinctively higher than Cl (<0Á04 apfu), reaching the highest values in sodalite monzogabbros. There is, however, no correlation between F and X Mg [Mg/ (MgþFeþMnþTiþAl VI ); Fig. 15c ].
Mica
Micas of the KVC form solid solutions consisting of phlogopite, annite, eastonite and siderophyllite (Fig. 15d) . The SiþAl deficit in many analyses (except for the phonolitic tephrites) indicates incorporation of Ti or Fe 3þ in the tetrahedral site (Farmer & Boettcher, 1981) . Variable Ba contents (up to about 0Á5 apfu; Supplementary Data Table  S7 ) are incorporated by the coupled substitution Ba þ Al ¼ Si þ K (Fig. 15e) . Similar to amphiboles (see above), Cl is <0Á04 apfu while F reaches up to 1 apfu (Fig. 15e) . The correlation between F and X Mg (Mg/ (MgþFeþMnþTiþAl VI ) for most of the analyses (Fig. 1f ) implies the well-known F-Fe avoidance (e.g. Munoz, 1984; Speer, 1984; Lé ger et al., 1996) . Exceptions correspond to very early (xeno-)crystic (phonolitic tephrite HTAC1117) and late-stage mica (haü yne melilitites).
Titanite and perovskite. Titanite shows a 2: 1 correlation between Ti and (Al þ OH þ F) (Fig. 16a) Carswell et al., 1996; Markl & Piazolo, 1999; Tropper & Manning, 2008) . However, Fe 3þ is also relevant in this substitution process because the sum of Al and Fe 3þ clearly correlates with F (up to 0Á2 apfu in titanites from sodalite monzogabbro HTAC1343; Fig. 16b ; Supplementary Data Table S8 ). Titanite in the tephritic phonolites has the highest REE (up to 0Á02 apfu), Nb (up to 0Á07 apfu) and Zr (up to 0Á07 apfu) contents. Latestage titanite, which formed at the expense of garnet (wollastonite-bearing nosean phonolite HTAC1345, see above) incorporates the highest amounts of Sr (up to 0Á026 apfu). In perovskites, minor substitutions of Ca with Na (up to 0Á044 apfu; Supplementary Data Table  S9 ) and REE (up to 0Á029 apfu), and Ti with Al (up to 0Á007 apfu) and Nb (up to 0Á074 apfu) were detected, whereas Zr is generally below the detection limit.
Feldspar
Plagioclase is generally unzoned and varies in composition from An 82 Ab 17 Or 1 to An 22 Ab 70 Or 8 . The highest anorthite component is present in some phonolitic tephrites and the lowest in tephritic phonolites (Fig. 17a) . Olivine tephrites and tephritic phonolites contain plagioclase with the highest Sr contents (up to 0Á056 apfu; Supplementary Data Table S10), whereas the remaining feldspar analyses (including alkali feldspar) show a broad range down to the detection limit. Alkali feldspar composition ranges from An 10 Ab 65 Or 25 to An 0 Ab 03 Or 97 . In alkali feldspar from phonolitic rocks, Ba may reach up to 0Á18 apfu; in the remaining rock types, Ba is generally <0Á04 apfu.
Nepheline
Nepheline composition varies between Ne 70 Ks 27 Qtz 03 and Ne 82 Ks 17 Qtz 01 . The Ca content is lower (0Á02-0Á13 apfu; Supplementary Data Table S11) in haü yne melilitites, melilite haü ynites and phonolitic noseanites than in the melteigites (0Á13-0Á25 apfu). The highest Fe 3þ concentrations (0Á16 apfu) occur in nepheline from haü yne melilitites and melilite haü ynites, while the lowest (0Á01 apfu) were observed in the melteigites.
Sodalite group. Minerals of the sodalite group (Fig. 17b) are Cl-dominated (sodalite-rich) in tephritic rocks, but mostly S-rich (nosean and haü yne) in phonolitic and in melilitic to haü ynitic rocks, respectively (Fig. 18) . In melilititic to haü ynitic rocks, large grains have distinctively higher S contents than smaller grains and show a Foley et al., 2013; Bussweiler et al., 2015) . Rectangles are data from Kim (1985) . (c) Amount of Mn (apfu) vs forsterite content (mol %). decrease in S from core to rim. The contents of K and Fe reach up to 1Á0 and 0Á4 apfu, respectively (Supplementary Data Table S12 ).
Melilite group. Melilite in haü yne melilitites has a higher akermanite and a lower soda melilite component compared to melilite haü ynites (Fig. 17c) . In haü yne melilitites, melilite phenocrysts have slightly higher MgO and CaO concentrations (Supplementary Data Table S13 ) than the groundmass grains.
DISCUSSION Crystallization conditions of the KVC rocks
In this section, various geothermobarometers are applied to the KVC rocks to derive estimates of the crystallization conditions (P, T, fO 2 , aSiO 2 ) of the various lithologies. These are then combined with fractional crystallization calculations to reconstruct the petrological evolution of this composite volcano.
Depth of emplacement
The only means to estimate the emplacement depth of the KVC rocks is via Al-in amphibole barometry, requiring equilibrium amphibole-plagioclase assemblages and independent T estimates (Anderson & Smith, 1995 (Anderson & Smith, 1995) . Although some KVC amphibole compositions do not fulfil all requirements, we applied this barometer since the investigated Four suitable samples of phonolitic tephrite and sodalite monzogabbro yielded a temperature of 920 C (two feldspar solvus thermometry; Fuhrman & Lindsley, 1988) and a calculated pressure range between 0Á1 to 1Á7 kbar (uncertainty of 60Á6 kbar). The highest values derive from a sample that contains abundant 'green-core' clinopyroxenes (HTAC1117), implying that some clinopyroxenes (and amphiboles) from this sample may have been entrapped at greater depth (or may have formed at higher temperature). For the remaining samples, pressures <0Á9 kbar (average of 0Á3 kbar) were calculated. In these samples, pressures calculated from amphibole rim analyses are lower than those calculated from core analyses (Fig. 18a) . The calculated pressure range may reflect continuous crystallization during ascent from a magma chamber over a distance of about 2-4 km to sub-surface emplacement. Thus, a shallow level plumbing system not very different from what is assumed for Mt. Vulture (e.g. Beccaluva et al., 2002) can be envisaged, with potential magma storage at shallow sub-surface levels. Temperature calculation according to the thermometer of Holland & Blundy (1994) strongly depends on pressure, but overlaps with the results of the two-feldspar thermometer (Fuhrman & Lindsley, 1988 ) if a mean pressure of 0Á3 kbar and no Ti on the tetrahedral site of the amphibole is assumed. This pressure was used for all subsequent calculations.
Estimates of T-aSiO 2 -fO 2 conditions
Olivine-clinopyroxene-magnetite assemblages in olivine/basanitic nephelinites and the slightly more evolved limburgites and olivine tephrites yield equilibration temperatures of 1000-1050 C, 990-1030 C, and 1000-1150 C, respectively ( Fig. 18b and Supplementary Data Table S14 ). We interpret these as near-liquidus temperatures. For the same rocks, the clinopyroxene-liquid thermometer of Putirka et al. (1996) indicates higher temperatures (1130-1260 C) . However, these values have to be treated with caution, because the whole-rock data were used as proxies for melt compositions and in some samples, xenocrysts of olivine and clinopyroxene were identified based on characteristic textures (Ulianov et al., 2007; see above) . Calculated aSiO 2 values for this rock group (Fig. 18c) increase from olivine nephelinites (aSiO 2 ¼0Á4-0Á5), through the basanitic nephelinite (aSiO 2 ¼0Á7-0Á8) to limburgites and olivine tephrites (0Á5-0Á9). This is in agreement with the absence of feldspar in the former but its appearance in the latter and can be explained by fractionation of olivine (see below). Redox conditions are estimated to around DFMQ* ¼ þ2-3 (Fig. 18c) . However, application of the magnetite-melt oxybarometer of Arató & Audé tat (2017) reveals slightly lower values (DFMQ* ¼ þ1-2), which may be related to the methodological limitations mentioned above.
For haü yne melilitites and slightly more evolved (melilite) haü ynites similarly high crystallization temperatures were estimated (1060-1120 C and 950-1010 C, respectively; Fig. 18b and Supplementary Data Table S14 ). Their estimated silica activity, however, is very low (aSiO 2 <0Á22) and highly oxidized conditions (DFMQ* ¼ þ4-6) are determined (Fig. 18c) . This is in accordance with their mineralogy, i.e. the abundance of melilite, feldspathoid minerals and garnet, whilst olivine and feldspar are scarce or absent. Due to the absence of suitable phases, no constraints on the crystallization temperature of coarse-grained foidolitic cumulates could be calculated. The absence of K-rich minerals, the occurrence of perovskite and the composition of the sodalite-group minerals in the foidolitic xenoliths suggest that these rocks are rather related to the haü yne melilitites and haü ynites than to the phonolitic rock group. Based on their mineralogical similarity, a comparable crystallization history as for haü yne melilitites and (melilite) haü ynites can be assumed. The minimum silica activity of titanite-bearing and perovskite-lacking haü ynolites is around 0Á1, the transition from perovskite to titanite in some melteigites ( Fig. 3d) suggests aSiO 2 values of 0Á1-0Á15. High fO 2 conditions (DFMQ* ¼ þ3-6; Fig. 18c ), similar to haü yne melilitites and (melilite) haü ynites are indicated.
Tephritic to phonolitic rocks reveal variable T-aSiO 2 -fO 2 conditions. Estimated near-liquidus temperatures decrease with evolution from primitive monchiquites ($1040-1100 C) towards tephrites and phonolites ($960-880 C), based on QUILF calculations, twofeldspar thermometry (Fig. 17a) and hornblendeplagioclase thermometry (Supplementary Data Table  S14 ). Again, the clinopyroxene-liquid thermometer of Putirka et al. (1996) generally yields distinctively higher temperatures (up to 1220 C), as do melt inclusionhomogenization data (up to 1170 C; Panina et al., 2000) . Silica activity decreases (Fig. 18c ) from monchiquites (aSiO 2 ¼ 0Á6-0Á8) via tephritic (aSiO 2 ¼ $0Á5) to phonolitic rocks (aSiO 2 ¼$0Á2), probably as a consequence of intense clinopyroxene fractionation (see below). Estimated fO 2 (Fig. 18c) increases from monchiquites (DFMQ* ¼ þ2-3) towards tephritic (DFMQ* ¼ þ3-4) and phonolitic rocks (DFMQ*¼ þ3-5). This is in accordance with the change of the mafic liquidus assemblage from olivine-clinopyroxene-spinel in primitive rocks (monchiquites) to clinopyroxene-garnet-titanite in the more evolved rocks (compare Marks et al., 2008a) . Similarly, the shift from sulfate-poor sodalite-group minerals in tephrites towards sulfate-rich members (nosean/ haü yne) in the more evolved phonolitic rocks (Fig. 17b) , paralleled by a decrease in ulvö spinel component in magnetites (Fig. 13) , implies increasingly oxidized conditions.
For carbonatites, the crystallization temperature is constrained to 840-900 C ( Fig. 18c and Supplementary Data Table S14) based on the Fe-Mg exchange reaction between olivine and magnetite (QUILF). Reaction (6) allows determination of a maximum aSiO 2 value of 0Á05, using a monticellite endmember component of 0Á8 and a diopside activity of 1. However, monticellite is a very rare phase in the KVC carbonatites and diopside is absent in the investigated samples. Therefore, this estimate may not be representative of all carbonatites in the KVC. Nevertheless, aSiO 2 in carbonatites is certainly low, and perovskite-bearing carbonatites record an upper silica activity limit of 0Á2. Redox estimates for the investigated samples (DFMQ* ¼ þ6-7) are distinctively higher than previous fO 2 estimates on other carbonatites, which fall between DFMQ ¼ -0Á8 and þ1Á0 (Friel & Ulmer, 1974; Gaspar & Wyllie, 1983; Treiman & Essene, 1984; Ryabchikov et al., 2008; Milani et al., 2016) . This apparent discrepancy is caused by the fact that the cited publications present DFMQ calculations at aSiO 2 values of 1. However, if they are corrected to low silica activities (¼FMQ*, as is done here), much more oxidized values emerge. The association of carbonatites with quite oxidized silicate rocks is not uncommon at other localities, such as Mt. Vulture, Italy (e.g. De Fino et al., 1982; Beccaluva et al., 2002; Panina & Stoppa, 2009 ), Magnet Cove, USA (e.g. Flohr & Ross, 1990) , Tamazeght, Morocco (e.g. Marks et al., 2008a) , Oldoinyo Lengai (e.g. Zaitsev et al., 2012) or Kerimasi (e.g. Guzmics et al., 2012) . In case of the KVC, carbonatites represent the most oxidized lithologies, but it remains to be tested if this is true for other carbonatite complexes.
Genetic relationships between the various KVC rocks
Based on their MgO, Ni and Cr contents (Figs 8 and 9 ), olivine/basanitic nephelinities, limburgites and monchiquites represent the most primitive rock types of the KVC. Their contrasting mineralogy, mineral chemistry, petrology, and geochemistry (see above), however, makes a common parental magma unlikely. Monchiquites and olivine/basanitic nephelinites probably represent the most primitive members of at least two distinct parental magmas, as previously suggested by Keller (1984b) and Schleicher et al. (1990) . The association of feldspar-free nephelinitic/melilititic rocks with plagioclase-normative, primitive basanitic/tephritic rocks is a common association world-wide (e.g. Melluso et al., 2016) and is, for example, very similar to the rock associations known from Mt. Vulture (Italy), including the occurrence of associated calciocarbonatite (e.g. De Fino et al., 1982; Melluso et al., 1996; Rosatelli et al., 2000 Rosatelli et al., , 2007 Beccaluva et al., 2002; Stoppa et al., 2008) . We tested the importance of fractional crystallization of monchiquitic/basanitic and nephelinitic/melilititic magmas for producing the lithological and geochemical variation observed in the KVC rocks by means of mass balance calculations using phenocryst assemblages as potential fractionating phases (Supplementary Data Table S15 and Fig. 2) . The results of these calculations are discussed in the following sections.
A model for the evolution of tephritic to phonolitic rocks
The evolution from tephritic to phonolitic rocks is mirrored by an increasing hedenbergite component in clinopyroxene (Fig. 12) , decreasing Ti and Mg contents in magnetite (Fig. 13) and decreasing Mg concentrations in garnet (Fig. 14) , and is further strengthened by whole-rock data (Figs 7 and 8) . The evolution from monchiquites towards tephrites can be modelled by the fractionation of clinopyroxene and minor amounts of olivine and spinel. Further fractionation of clinopyroxene and magnetite explains the evolution towards phonolitic tephrites and the compositional variation of most phonolites requires further fractionation of clinopyroxene, plagioclase, haü yne/nosean, as well as garnet and titanite. The importance of garnet and titanite fractionation at this stage is further supported by whole-rock REE systematics. Except for an increasing total amount of REE, the REE pattern does not change during evolution from monchiquites via tephrites to phonolitic tephrites (Fig. 10) , as the fractionating phases incorporate negligible amounts of REE (Schnetzler & Philpotts, 1970; Grutzeck et al., 1974; Hanson, 1980) . With the onset of garnet and titanite crystallization, this situation changes; as garnet prefers the heavy REE (e.g. Schnetzler & Philpotts, 1970; Shimizu & Kushiro, 1975; Nicholls & Harris, 1980; Marks et al., 2008b) , garnet fractionation leads to a depletion of heavy REE in the remaining melt. Titanite has high Kd values for REE and preferentially incorporates the middle REE (e.g. Simmons & Hedge, 1978; Prowatke & Klemme, 2005) . Accordingly, total REE concentration decreases and the resulting REE patterns for evolved tephritic phonolites are trough-shaped (Figs 10 and 19) . Similarily, Zr/Hf ratios are almost constant in monchiquites and phonolitic tephrites, but strongly increase towards the phonolitic rocks (Fig. 19) . The Nb/Ta and Y/Ho ratios behave in a similar way, except for four phonolitic tephrites, which show anomalous high ratios. (Note that these samples Anderson & Smith (1995) . Dark grey area represents the temperature interval calculated using the feldspar liquidus thermometer of Fuhrman & Lindsley (1988) , bright grey area shows the temperature range obtained using the amphiboleplagioclase thermometer of Holland & Blundy (1994) were collected in the immediate vicinity of the large sö vite bodies and show subtle petrographic evidence for fenitization). Crystallization of titanite/perovskite and garnet are known to cause such fractionation effects (e.g. Chakhmouradian, 2006; Marks et al., 2008b; Olin & Wolff, 2012; Chakhmouradian et al., 2013) .
Phonolitic rocks of the KVC with Na 2 OþK 2 O concentrations > 12 wt % cannot be explained by fractionation of the observed mineral phases and their chemical composition (Supplementary Data Fig. S2 ). We suggest that these rocks accumulated significant nosean and alkali feldspar (Supplementary Data Table S15 ). For some of these rocks, Sutherland (1967) proposed the importance of a metasomatic overprint and, in fact, some of them show abundant hydrothermally-formed zeolites (e.g. Weisenberger et al., 2014) , which could be responsible for their high and variable Na 2 OþK 2 O contents. The potential importance of contamination with 'crustal material' for some of these rocks has been stressed previously (Schleicher et al., 1990) and mixing of variably evolved magmas and uptake of already crystallized material during the genesis of this rock series seems likely, as suggested, e.g. by 'green-core' pyroxenes and rounded olivine (xeno)crysts in some of the rocks (see above; Ulianov et al., 2007) . All these factors add geochemical complexity and need to be invoked to fully explain the compositional scatter in the whole-rock data.
A model for the evolution of nephelinitic to limburgitic and melilitic to haü ynitic rocks. Olivine/basanitic nephelinites are the most MgO-Ni-and Cr-rich rocks of the KVC (Figs 8 and 9 ) and olivine melilitites (grey field in Figs 8 and 9) occurring in close proximity to the KVC (e.g. Mahlberg, Urach and Hegau) are interpreted to be their parental magmas (Wilson et al., 1995; Dunworth & Wilson, 1998; Ulianov et al., 2007) . Olivine/basanitic nephelinites can be modelled assuming fractionation of olivine, melilite and minor amounts of spinel, perovskite and nepheline, using the Mahlberg olivine melilitite (Fig. 1b) as a starting composition; limburgites can be explained by further fractionation mainly of olivine and clinopyroxene ( Fig. 20 and Supplementary Data Table S15 ). However, their highly variable Na/K ratios (Fig. 8 ) cannot be easily reproduced by such fractionation models (Fig. 20) , which we suggest is due to variable alteration and weathering of nepheline and glass, and accompanying redistribution of Na and K (e.g. Nesbitt et al., 1980; Quantin & Lorenzoni, 1992; Giampaolo et al., 1997; Weisenberger et al., 2014) .
It has been suggested that, based on their (slightly) different Pb and Nd isotope compositions (Schleicher et al., 1990 (Schleicher et al., , 1991 , the olivine melilitites, olivine/basanitic nephelinites and limburgites were derived from a different mantle source compared with haü yne melilitites and (melilite) haü ynites. However, (i) Pb concentrations in these rocks are very low (<35 ppm) and could be easily altered during the ascent of such melts, as proposed by Ray (2009) who assumed assimilation with lower crustal granulites for the KVC rocks; (ii) considering a typical uncertainty of about 0Á5 E Nd units (e.g. Table S15 . Grey area illustrates the compositional range of olivine melilitites in SW Germany Wilson et al., 1995) . Marks et al., 2003 Marks et al., , 2009 , the Nd isotope compositions of these two groups largely overlap with each other; (iii) the 87 Sr/
86 Sr values for both rock groups are very similar (Schleicher et al., 1990) . Furthermore, an isotopically heterogeneous mantle could also be responsible for the isotope variations (e.g. Bell, 1998) . We suggest that nephelinitic to limburgitic and melilititic to haü ynitic rocks may be derived from a common source. In fact, haü yne melilitites could have originated from olivine melilitites by fractionation of greater quantities of olivine and lesser quantities of melilite ( Fig. 20 and Supplementary Data Table S15 ) and further fractionation of mainly melilite from the haü yne melilitites could generate melt compositions similar to (melilite) haü ynites. The large scatter in Na/K ratios, Na 2 OþK 2 O and CaO contents in the haü yne melilitites and (melilite) haü ynites (Figs 8 and 20) can be explained by the accumulation of variable amounts of haü yne, clinopyroxene and melilite, combined with the compositional variation and variably intense alteration of abundant feldspathoid minerals, similar to what we propose for the phonolitic rocks (see above).
High CO 2 concentrations in a silica-undersaturated magma lead to a polymerization of the silicate melt (Mysen et al., 1976) and hence, more polymerized minerals like melilite compared to olivine should crystallize. Since the solubility of CO 2 depends on pressure, olivine/basanitic nephelinitic or haü yne melilititic melts may reflect polybaric melting of a common mantle source (Mysen et al., 1976; Yagi & Onuma, 1978) . However, in addition to pressure, the solubility of CO 2 in a melt may also be influenced by the oxidation state (e.g. Pan et al., 1991; Thibault & Holloway, 1994) . Highly oxidized conditions may cause the release of CO 2 and a subsequent termination of melilite precipitation (Mysen et al., 1976) . For example, Dunworth & Wilson (1998) suggested variable redox conditions to be responsible for the highly variable melilite-olivine ratio in olivine melilitites in southwestern Germany. Since haü yne melilitites crystallized under more oxidized conditions than olivine/basanitic nephelinites (Fig. 18c) , it seems likely that haü yne melilitites originated from a more oxidized part of the mantle. However, during fractionation from olivine melilitite to haü yne melilitite, the CO 2 concentration must increase, as melilite and magmatic carbonate are present in the haü yne melilitites.
The genetic relation between silicate rocks and carbonatites
The similarity of carbon and oxygen isotope compositions of calcite crystals in sö vites and haü yne melilitites imply a common origin (Hubberten et al., 1988) . Apatite textures and compositions in haü yne melilitites suggest that these may have nucleated in a silicate melt and continued to crystallize from a melt with carbonatitic affinity (Wang et al., 2014 Sr isotope values of carbonatites and haü yne melilitites (Schleicher et al., 1990 ) strengthen this hypothesis. As both the carbonatites and the haü yne melilitites formed at high redox conditions (Fig. 18) , their close genetic affinity is further supported, although the actual process of carbonatite formation is still uncertain: are they direct mantle carbonate melts or are they products of fractionation/ liquid immiscibility of mantle-derived silicate melts?
A primary melt directly derived by (carbonated) mantle melting seems unlikely, as most of the KVC carbonatites are calcitic (Keller, 1978 (Keller, , 1981 Lehnert, 1989) , whereas primary carbonatitc magmas should be Mg-rich (e.g. Wallace & Green, 1988; Dalton & Wood, 1993; Dalton & Presnall, 1998; Wyllie & Lee, 1998; Litasov & Ohtani, 2009 ). However, during ascent, any primary carbonatitic magma should evolve towards more calcitic compositions by interaction with mantle peridotite and accompanying wehrlitization (e.g. Dalton & Wood, 1993; Lee & Wyllie, 2000) . In contrast, the observed Ca/(CaþMg) ratios of the KVC carbonatites are >0Á97 and, therefore, much higher than would be expected based on experimental studies (<0Á88; Dalton & Wood, 1993; Lee & Wyllie, 2000) .
The second possibility, fractional crystallization of a carbonate-bearing silicate liquid, resulting in the formation of (exsolved or residual) carbonatitic magmas (Gittins, 1989; Kjarsgaard & Peterson, 1991; Gittins & Jago, 1998; Halama et al., 2005; Brooker & Kjarsgaard, 2011) appears, however, more likely in the case of the KVC. Based on the presence of primary magmatic carbonate in haü yne melilitites, it was concluded that these may represent the 'missing link' between the silicate melts and carbonatites (Keller, 1984a; Hubberten et al., 1988) . Liquid immiscibility with evolved haü yne melilitites representing the conjugate silicate melt can be excluded, because a hypothetical unexsolved precursor melt composition (carbonatiteþhaü yne melilitite) cannot be generated by simple fractionation of the parental olivine melilitite (Supplementary Data Fig. S3 ). However, since the CO 2 solubility in silicate liquids is highly pressure-dependent (e.g. Yoder, 1975; Mysen et al., 1976) , a hypothetical parental melt could have been decarbonated during ascent and hence, the melilititic rocks might not be appropriate for modelling derivation of the carbonatites by differentiation and accompanying CO 2 enrichment. Therefore, we assume that the direct precursor to the carbonatites might be present at lower crustal levels where pressure is high enough to prevent decarbonation reactions. However, whether the carbonatites formed by liquid immiscibility or by extreme magmatic differentiation of a carbonate-rich mafic/ultramafic silicate melt (possibly of olivine melilititic composition) remains speculative.
Mantle source(s) of the KVC rocks
The olivine melilitites of SW Germany formed by partial melting at the base of the lithospheric mantle which previously had been enriched by K-depleted carbonated melts from the dolomite-garnet-peridotite stability field in the asthenosphere (e.g. Dunworth & Wilson, 1998) . Ulianov et al. (2007) proposed a similar process for the formation of the olivine/basanitic nephelinites at the KVC and suggested that the more calcic olivine melilitites formed from more strongly metasomatized (carbonated) mantle regions or from smaller degrees of partial melting. However, the lower concentrations of MgO and compatible elements such as Ni and Cr in olivine/basanitic nephelinites compared to olivine melilitites favour their formation by fractional crystallization rather than by the processes mentioned above. The osmium isotope systematics of Blusztajn & Hegner (2002) confirm the lithospheric mantle as the source region, but cannot exclude an asthenospheric contribution.
Monchiquites probably represent somewhat evolved magmas, as indicated by their low MgO, Ni and Cr contents (Figs 8 and 9 ). Their potassic character cannot be explained by fractionation from olivine melilitites and requires another source. For these rocks, an enriched lithospheric mantle, presumably a phlogopite-and amphibole-bearing spinel lherzolite, was assumed (Wilson & Downes, 1992) . Indeed, phonolitic tephrite HTAC1117 contains MgO-rich mica (xeno)crysts which resemble those found in lithospheric mantle xenoliths in the Massif Central and the Rhenish Massif (Wilson & Downes, 1991) . Whole-rock isotope data from Schleicher et al. (1990) In summary, at least, two types of parental magmas are necessary to explain the lithological variability of the silicate rocks of the KVC. We envisage that these magmas were produced from a mineralogically and isotopically heterogeneous mantle source, similar to what was proposed for comparable silicate rock-carbonatite complexes at Mt. Vulture (Melluso et al., 1996) or Tamazeght (Marks et al., 2008a) .
Redox conditions in carbonatite-producing mantle domains
The few carbonatites for which redox estimates are available (Oka, Chernigovskiy, Jacupiranga, Palabora; see above) contain baddeleyite, perovskite, monticellite or melilite, which suggests aSiO 2 values well below 0Á2. Hence, silica-corrected redox conditions are actually several log units above the FMQ-buffer, very similar to our results for the KVC carbonatites (see above; Fig. 18c ), and imply highly oxidized parental source regions for carbonatites.
One of the most oxidized mantle regions known are rift-related environments that can reach oxygen fugacities of up to DFMQ ¼ þ3Á5 (Foley, 2011 and references therein) even without considering the silica-corrected FMQ-buffer (see above). Indeed, many carbonatite complexes, including the KVC, formed in rift settings, with the highest mantle redox estimates being determined for the Olmani peridotites derived from the lithospheric mantle below the East African Rift. Here, rising carbonate-bearing melts from the asthenosphere caused intense metasomatism (Rudnick et al., 1993 (Rudnick et al., , 1994 ) that probably increased the oxidation state of the lithospheric mantle. Similar processes at the base of the mantle lithosphere are assumed for the source region of the olivine melilitites associated with the KVC (e.g. Dunworth & Wilson, 1998; see above) . However, their apparently variable redox conditions (Dunworth & Wilson, 1998) may be caused by contrasting redox states at the boundary between lithospheric and asthenospheric mantle (e.g. Ballhaus, 1993; Ballhaus & Frost, 1994) . These differences may have determined the major fractionating phases (olivine versus melilite) during further evolution of the olivine melilititic melts, leading to either nephelinitic-limburgitic or to melilititic-haü ynitic rock series (see above). Since the parental liquids to carbonatites are generally assumed to originate from the sub-lithospheric mantle, the source region for those rocks must be heavily influenced by asthenospheric fluids or melts (Bell & Simonetti, 2010) . Therefore, the high redox conditions for the rocks of the KVC reflect the interaction between the mantle lithosphere and carbonate-bearing melts or metasomatic fluids emanating from the asthenosphere. The presence of CO 2 during peridotite melting produces silicaundersaturated melts of carbonatitic and melilititic to nephelinitic composition (e.g. Wallace & Green, 1988; Dasgupta et al., 2007) . Such associations are found at many carbonatite complexes worldwide (e.g. Kaiserstuhl, Mt. Vulture, Magnet Cove, Tamazeght, Oldoinyo Lengai, Kerimasi) and the silicate rocks often contain mineral assemblages that indicate oxidized crystallization conditions (e.g. perovskite-magnetiteclinopyroxene or garnet-magnetite-wollastoniteclinopyroxene), even where carbonatites are lacking (e.g. Sadiman; Zaitsev et al., 2012) .
The oxidation of carbon stored as diamonds at the base of the lithosphere has been proposed as a process to generate carbonate-bearing magmas (carbonate redox melting; Foley et al., 2009; Foley, 2011) . As the oxygen fugacity of the mantle increases with decreasing pressure (Ballhaus & Frost, 1994; Woodland & Koch, 2003; Frost & McCammon, 2008) , carbonatitic melts may be produced by lithospheric thinning, and hence are often associated with continental rifting. However, present and past subduction zones may equally be responsible for the formation of heterogeneously oxidized mantle domains that may be reactivated much later in an entirely different tectonic setting (e.g. Parkinson & Arculus, 1999; Frost & McCammon, 2008; Martin et al., 2017) , as suggested by subduction-like isotope signatures in some carbonatites (e.g. van Achterbergh et al., 2002; Walter et al., 2008; Hulett et al., 2016) .
SUMMARY AND CONCLUSIONS
Based on the estimated crystallization parameters (T, fO 2 and aSiO 2 ) and fractional crystallization models, we propose that two different magma series are responsible for the various rock types exposed at the KVC. The generally low Na/K ratio of the tephritic to phonolitic rock series implies a K-basanitic parental magma, as previously suggested by Keller (1984a Keller ( , 1984b and Kim (1985) . The geochemistry and high formation temperatures of the monchiquites (above 1100 C) exclude a genetic link to the more primitive olivine/basanitic nephelinites and limburgites. The evolution of the tephritic-phonolitic rock series via fractional crystallization is characterized by decreasing silica activity and increasing oxygen fugacity, accompanied by mineralogical changes from olivineclinopyroxene-spinel assemblages in the more primitive rocks via clinopyroxene-magnetite assemblages in the intermediate members to clinopyroxene-garnet-titanite assemblages in the most evolved lithologies. The parental magma of the nephelinitic, melilitic and haü ynitic rocks, however, may be similar in composition to olivine melilitites from SW Germany. Variations in the redox state during differentiation may cause variable degrees of melilite versus olivine fractionation and could result in the formation of either olivine/basanitic nephelinites (DFMQ* of around þ3) or haü yne melilitites (DFMQ* ¼ þ4-6). Based on various geochemical arguments and their similarly high redox conditions (DFMQ* ¼ þ6-7), the carbonatites probably have a genetic relation to the haü yne melilitites.
The highly oxidized conditions of these melts seem to be typical of such complexes as the association of carbonatites with oxidized alkaline silicate rocks is a common feature worldwide. Therefore, we conclude that oxidizing and carbonated fluids/melts interacting with the mantle lithosphere is a major prerequisite for the subsequent genesis of mixed alkaline silicate rockcarbonatite complexes.
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